Fragments of Romanesque relief terracotta tiles were found during archaeological research in
INTRODUCTION
Romanesque relief ceramic tiles are known to be used in floor decoration of sacred architecture. They were made of iconographic themes and symbols of the lowest significant stage due to their location and function in sacral places. Romanesque terracotta tiles were inspired by older Italian stone or marble floors (Lombardy). Similar decorations of floor tiles can be seen in French and Alsatian Benedictine monasteries (e.g., the Benedictine abbey of Frauenwörth). The iconographic relief terracotta tiles, which were found during several archaeological research works in the Czech territory which belong to the Christian Romanesque artwork of Western Europe. In the Early Middle Ages (in the 12 th century, according to the Central-European dating) Dolní Chabry was on the edge of important trade route from Prague to the northern part of the territory. Various fragments of relief decorated terracotta tiles which were found during archaeological research in Dolní Chabry in Prague were a part of the floor in an Early Romanesque rotunda. This archaeological research was induced by the planned reconstruction of the present church and the entire complex in 1973. A comprehensive study of the archaeological area in the years [1973] [1974] [1975] gradually documented the fragments of the Romanesque construction phase of the sacral building. The foundations of the presbytery and tribune of the rotunda were uncovered in the interior of the church and were dated to the third quarter of the 12 th century. The most important findings of this research were the terracotta tiles, which formed the floor of the rotunda. These tiles have some similar motives to those of the terracotta relief tiles from the Saint Maurice Monastery in Bakonybél (Hungary), which are dated to the 11 th century [1] . The historical terrain, with the floor tiles, was partly damaged by graves because the church was used as a burial site until the 18 th century. Part of the floor was excavated in-situ and restored. The restored part is now housed in the City of Prague Museum (Figure 1 ). [1] [2] Historical ceramic tiles were usually produced from natural raw materials and so they mainly contained quartz, feldspars, micas and sometimes residua of carbonates. Ceramic bodies of historical tiles have been mostly investigated by X-ray fluorescence (XRF), X-ray diffraction (XRD), Simultaneous thermal analysis (STA) and Optical microscopy (OM) methods. These techniques of investigation, together with Infrared spectroscopy (IR) and Scanning electron microscopy (SEM), are useful characterisation methods used to define the chemical and mineralogical composition, to identify the clay minerals and the microstructure of the surface decoration and of the sherd material itself. Clay minerals were usually present in the form of reactive non-crystalline phases (meta-clays) [3] [4] [5] [6] . These unstable meta-clays fired at temperatures below 1000°C can partially react with environmental moisture and rehydroxylate to the structures close to that of the original clays [7] . It is supposed that hydroxyl bonds which exist before firing are partially restored during the process of irreversible moisture expansion [8] . Environmental moisture is gradually incorporated to amorphous (non-crystalline) or inhomogeneous glassy phases which were formed during firing at relatively low temperatures [9] [10] . The composition of the raw materials, firing conditions, mineralogical composition, porosity and, partially, the way of dealing with the product could influence the rehydroxylation process of such ceramic artefacts. Natural rehydroxylation can be simulated in a laboratory by using hydrothermal conditions in an autoclave [4] . The process of long term moisture expansion of a freshly fired ceramic body is the basis of moisture expansion kinetics in fired clay ceramics [8, 11] and is principal to the Rehydroxylation (RHX) dating method.
The consideration regarding the use of local raw materials is based on historical sources, geological maps or, if needed, samples of expected raw materials which have been taken for analyses. In many parts of Prague, ceramic raw materials have been extracted in the past [12, 13] . Brick materials were mined in Dolní Chabry [12, [14] [15] . The premises were subsequently landfilled with municipal waste and are currently being reclaimed. Following published surveys [12, [15] [16] and map views, it can be said [17] that the surroundings were rich in extensive quaternary loess and loess loam. The rocky subsoil is predominantly adjacent to the Barrandian Upper Proterozoic period, with the occurrence of graywacke, silt loam and silty slate. There are solitary intrusions of tuff and quartz porphyry directly located in the village near the church.
The main aim of this work was to evaluate the microstructure of the ceramic bodies and surface decorations, and on the basis of the identified mineralogical components of the ceramic body, to consider the use of local raw materials for the preparation of the collection of relief ceramic tiles. Furthermore, the aim was to identify the clay minerals using hydrothermal treatment and apply the Rehydroxylation dating method to the evaluated tiles. These historical tiles were also dated by archaeologists, so that we could verify the RHX dating method.
EXPERIMENTAL

Description of the tiles
Over 500 fragments of tiles were collected during the archaeological investigation of an Early Romanesque rotunda in Dolní Chabry. Individual rectangular and square shape tiles were decorated with a combination of figural, floral and geometric elements. The centre of each tile is adorned with a figural scene surrounded by ornamental motives around the edge. The tiles were divided into nineteen different types according to the relief scenes. A few of the scenes are similar to those previously used such as a griffin, lion or sphinx. The griffin, lion and sphinx motives of ancient origin were often used in Christian art. The relief decoration with a sphinx appeared more systematically in Italy in the 11 th century (e.g., wood carving in Terracina, stone bishop´s throne in Canossa Castle). Iconography of animal figures on tiles, as well as ornamentation of the architectural elements of German churches (e.g., the Regensburg Cathedral), was inspired by Italian decoration. The extension of the themes of the Italian provinces was primarily due to expanding trade and routes e.g., via Brenner Pass in the Romanesque period. However, most of these relief scenes were unique, for example, birds surrounding a tree (i.e., The Tree of Life with peacocks), Daniel in the lions´ den or Emperor Nero [2] . The figural scene of Emperor Nero was inspired by busts of Holy Roman Emperors on coins. The overall decor of the floor was divided into several fields by a bordure (e.g., knotwork tiles).
Preparation of samples and methods of chacterisation
The samples, for the evaluation of the microstructure of the ceramic bodies and decorative layers, were taken from different tiles from the terracotta floor. The chemical composition of a group of 50 tile samples was evaluated. Six representative samples were chosen. Figure 2 shows the fragments of the tiles that were used for appropriate analyses and the typology of the respective tiles. Six samples of the ceramic bodies from the fragments of five different tiles (1, 29, 122 , 1249 and 846) and two samples with different colouring separated from tile 846 -light edge part (846S) and dark central part (846T) were analysed ( Figure 3 ). The samples were ground in an agate mortar to form fine powders, well dried at 105°C and were used for the X-ray fluorescence analysis (XRF). Fine fractions (≤ 0.06 mm) of the samples were subsequently used for the X-ray diffraction analysis (XRD) and a simultaneous thermal analysis (DTA-TG). A microscopic evaluation by optical microscopy (OM) was carried out on thin sections and a small rectangular fragment (almost the same volume and weight, ca. 12 g) of each tile was used for the determination of the weight increase due to humidity.
Instrumentation
The chemical composition of the dried powder samples was determined by X-ray fluorescence analysis using an ARL 9400 XP sequential WD-XRF spectrometer equipped with an Rh anode end-window X-ray tube type 4GN fitted with a 50 μm Be window. All peak intensity data was collected by the WinXRF software in a vacuum. The generator settings-collimatorcrystal-detector combinations were optimised for all 82 measured elements with a powder analysis time of 6 s per element. The obtained data was evaluated by the standardless software Uniquant 4. The analysed powders were pressed into pellets about 5 mm thick with a diameter of 40 mm without any binding agent and covered with a 4 μm supporting polypropylene (PP) film. The time of the measurement was about 15 min. A statistical method of variation, called a principal component analysis (PCA) was used to identify patterns in the values gained by the XRF analysis. The principal component analysis is a useful technique to express the datasets in order to emphasise their systematic classification. The values of the chemical composition of the ceramic bodies and fine fractions of tile 846 were used for the calculation of the "normative minerals" by the MINLITH programme [18] . The term "normative minerals" is used for the calculated mineral standards and is different from the real mineralogical composition of the raw materials [18, 19] . Although the programme was designed for sedimentary rocks, it provides a preview of the raw material composition of the evaluated ceramics.
The mineralogical composition of the powder samples was identified by Optical microscopy (OM) using an optical microscope Olympus BX60 and BX51 and by X-ray diffraction analysis (XRD). X-ray powder diffraction data was collected at room temperature with an X'Pert PRO θ-θ powder diffractometer with parafocusing Bragg-Brentano geometry using CuKα radiation (λ = 1.5418 Å, U = 40 kV, I = 30 mA). The data was scanned with an ultrafast detector X'Celerator over the angular range 5 -60° (2θ) with a step size of 0.0167° (2θ) and a counting time of 20.32 s step-1. Data evaluation was performed in the software package HighScore Plus 3.0e.
The thermal behaviour was studied by simultaneous differential thermal analysis and thermogravimetry (DTA-TG) -Linseis STA PT1600/1750 °C HiRes using 50 ± 0.04 mg of a sample in a Pt crucible and a heating rate of 10°C•min -1 in the temperature range of 25 -1000°C in helium flow. The gas release (H 2 O and CO 2 ) was measured by a Pfeiffer Vacuum OmniStarTM GSD320 in the range of 300 AMU. The samples were also exposed to hydrothermal conditions to simulate an accelerated ageing process. The hydrothermal conditions were realised in Teflon lined autoclaves at 230°C (2.77 MPa) for 100 hours with a solid/solution ratio 1 g sample/20 ml water and used for the identification of the clay minerals in the samples [4, [20] [21] .
Rehydroxylation (RHX) dating method
The RHX method has been presented [22] [23] as a suitable mathematical model describing the rehydroxylation process which can be used to date ceramic artefacts. This method relies on the ability of the ceramic body containing unstable non-crystalline residues of clay minerals to rebind water in a two-step process of rehydration (1 st stage) and rehydroxylation (2 nd stage). The reaction of the ceramic body with the water vapour could be observed on the reheated (to a suitable high temperature) ceramic object exposed to stable conditions (relative humidity and temperature). The initial, short 1 st stage, which lasts only a few hours after reheating, is much faster that the second one and the reheated ceramic object regains water by rehydration. In this relatively quick first stage of mass gain, the absorption of water molecules into the surface and into the open porous system of the ceramics occurs. During the following long-term 2 nd stage, hydroxyl water is slowly incorporated into the clay minerals and the ceramic artefacts undergo the rehydroxylation process. The rehydroxylation (RHX) process was defined by the kinetic equation of (time)
1/4 power law [22] . The principle of the rehydroxylation dating method is the determination of the initial mass of a sample, which is the sum of the sample mass after firing and the mass of water bonded to the structure of a ceramic artefact during its deposition. By extrapolating the data obtained from the second stage of the RHX method, we can calculate the estimated age of a ceramic artefact. This method was proposed as self-calibrating without any standardisation and, thus, neglects the influence of firing temperature or mineralogical composition as demonstrated in Wilson et al. [23] . The futher testing of this method on real samples showed the need for further investigation, especially in connection with the mineralogical composition and storage conditions [24] [25] [26] [27] [28] [29] [30] .
The aging process based on the mass increase under the controlled conditions was monitored on small fragments of the archaeological tiles. These samples were dried at 105 ± 2°C to a constant weight (usually for 24 hours) in the BMT Venticell 55 laboratory and weighed using an AND GR 200 analytical balance, with a precision of 0.1 mg. Then the samples were reheated in a CLASIC laboratory furnace at 650°C for 12 hours to release all chemically bonded water [11, [24] [25] . The reheated samples were placed on a measuring cell of the analytical balance in an enclosed measuring box with a stable controlled temperature (19 ± 1°C) and relative humidity (30 ± 2 %). The reheating temperature of 650°C and time of 12 hours were selected after several experiments which confirmed that lower temperatures and shorter times are not sufficient enough to complete the removal of the bonded water.
RESULTS AND DISCUSSION
Chemical and mineralogical composition
The chemical compositions of the archaeological samples are presented in the form of main components (Table 1, Figure 4) . The principal component biplot of the XRF data obtained for the 50 analysed ceramic tile fragments is presented in Figure 4 . It is evident that all the tile samples except sample 846 are similar and very small differences are probably the result of some inhomogeneity in the the ceramic historical materials (e.g., when mixing and homogenising the raw materials). The samples of tile 846 are slightly different from the other samples by a smaller content of colouring oxides and silicon oxide and a higher content of aluminium oxide. In this case, the first and second principal component (PC1 and PC2) was responsible for 80.83 % of the total variance in the datasets. The values of the chemical composition were used for the calculation of the main normative minerals (Table 2) , which indicate the theoretical mineralogical composition of the raw materials.
The mineralogical compositions of the archaeological ceramics are very similar ( Figure 5 ). The archaeological ceramics contained: quartz, micas (muscovite and sericite), and feldspars (orthoclase, microcline and plagioclase), as main mineral phases. The presence of clay minerals was studied using hydrothermally treated samples. A comparison of the XRD patterns of the original (846S, 846T) and hydrothermally treated samples (846S after HT and 846T after HT) in a small angle range (2 -15°2Theta) was provided ( Figure 6 ). The XRD patterns of both hydrothermally treated samples show a pronounced broad peak at about 5 -8°2Theta which was not detected in the original samples. This peak can be attributed to montmorillonite which rehydroxylated from its metaform. The XRD pattern of 846S after HT also shows a small peak at about 12.4°2Theta which can be attributed to the rehydroxylated kaolinite.
Thermal analysis and gas evolution Figure 7 shows the results of the thermal analysis (TG, DTA, release of H 2 O and CO 2 ) of the archaeological ceramics. The samples, before the hydrothermal treatment (Figure 7a, 7c) , show the release of a small amount of water in the interval 100 -600°C related to the dehydration and dehydroxylation of the meta-clays.
A more pronounced release of water was registered for the hydrothermally treated samples (Figure 7b , 7d) at 100 -250°C related to the loss of the remaining loosely bound water and to the dehydration of the clay minerals, especially montmorillonite characterised by a double peak at the MS-H 2 O curve. Another endothermic effect was registered at 400 -700°C related to the dehydroxylation of the meta-clays (montmorillonite and partially kaolinite) [31] . A similar course of the dehydroxylation of the meta-clays with a lower intensity of the peaks showed up in samples 29 and 1249, the curves of samples 29 and 122 showed only slight differences. The DTA curves of all the samples show small endothermic peaks related to the transformation from β-quartz to α-quartz (~ 570°C), then an endothermic peak related to mica dehydroxylation (~ 880°C) and an exothermic peak, which is related to the crystallisation of the spinel structure (~ 940°C). The green curve of the CO 2 release indicates presence of organic substances. Dark colouring of the central sample (846T) was probably caused by the presence of amorphous C and local reducing conditions inside of the tile during firing. The probable source of amorphous C is an organic component, as proven by a broad peak at the MS-CO 2 curve in the temperature interval 200 -700°C shown in Figure 7c , 7d.
Microscopic evaluation
Thin sections of the archaeological samples were observed by an optical microscope in plain and crossed polarised light. The samples showed a not very homogeneous hematite rich clay matrix characterised by various easily distinguishable inclusions of irregular shape and elongated pores, see Figure 8a . Macroelongated pores preferably aligned in a horizontal direction demonstrate that the surface layer of the tiles rebounds (Figure 8b ). This figure proves that the surface layers were subsequently applied on the prepared tiles.
Feldspar grains and polyminerallic inclusions composed of quartz and feldspar crystals were observed in the thin sections of all the archaeological samples. Typical rock fragments of a large subrounded grain of a thermally altered feldspar and the quartz (is interstitial to feldspar), and some flakes of biotite mica are visible in the microphotograph of a thin section of sample 1 (Figure 8c ). Some polycrystalline quartz grains showed undulose extinction (8a, 8c, 8f). This is a sign that the rock has been strained and is a common feature of much quartz in igneous, sedimentary and metamorphic rocks [32] . Large fragments of granite in sample 846 ( Figure 8d) were composed of quartz, mica and two feldspars -alkali feldspar and plagioclase, which was present in a much lower portion than the alkali feldspar. The plagioclases are more altered than the alkali feldspar. The abundant high birefringent scaly flakes in plagioclas are sericite mica, fine-grained sericite mica could be the product of the metamorphosis of the a) b) Figure 7 . Representative thermal analysis (TG, DTA) curves and gas evolution (MS) curves of the fine clay components of the archaeological tile 846: a) sample 846S before hydrothermal treatment, b) sample 846S after hydrothermal treatment HT (230°C and 100 hours), c) sample 846T before hydrothermal treatment and d) sample 846T after hydrothermal treatment HT (230°C and 100 hours). original rock [33] . Most of the alkali feldspar crystals show patches, of cross hatched twinning (sometimes only in the cores of the crystals), whereas the albite shows lamellar twinning [32] , which were observed in the central part of the rock fragment and the white area on the left is quartz (Figure 8e ). Potassium-rich feldspar with irregular intergrowths of sodic feldspar forming a microperthitic texture which is typical for granites [33] was found in the other thin sections of sample 846, myrmekitic intergrowths (rod-like inclusions of quartz within a plagioclase grain) was rarely identified. The small olive-green zoning tourmaline grains, which are characteristic for granitic pegmatites, were randomly found in sample 846 (Figure 8f ). However, pleochroic amphiboles showing 120° cleavage, which are minerals of either metamorphic or igneous rocks, were observed in all of the thin sections of archaeological tiles except sample 846 (Figure 8g) .
The microscopic evaluation of the thin sections of the five archaeological tiles confirmed that their mineralogical composition is very similar. Only sample 846 Figure 8b . Microphotograph of the surface layer of tile 122 shows macro-elongated pores preferably aligned in the horizontal direction, the photo proves that the surface layer of all the samples rebounds. slightly differs in a lower content of amphibole and with the presence of tourmaline. These inclusions are mostly of metamorphic or igneous (especially granite) origin.
The results of the mineralogical evaluation are consistent with published data [16] . Sample 846, which was slightly different from the rest of the samples (and, therefore, was examined), also contained fragments of rocks which are not present in the site (granite). This sample did not confirm the possibility of local provenance also. The sample matrix had a low CaO content (0.3 -1.4 wt. %), only in the case of the light part of sample 846, the content was higher (2.5 wt. %). For Central Bohemia, the value of 5 -10 wt. % CaO is reported for loess [34] , so neither was this plastic raw material local.
Rehydroxylation (RHX) dating
The samples were prepared from five relief decorated fragments of archaeological tiles for the determination of weight increase in the period of 3 -5 days. Mass gain due to the rebinding of water to the ceramic system of the samples was observed and used for the calculation of the tiles' age. The calculated age is obtained by extrapolating the collected data to the initial mass of the sample. Figure 9 shows the rehydroxylation kinetics of a selected tile (reheated tile 846) as a mass versus time and fractional mass gain versus the fourth root of time t 1/4 dependence. It is evident that the aging process proceeds in two stages. The linear dependence of the experimental mass gain on the fourth root of time of the 2 nd stage of the RHX method is also presented in the figure.
The initial mass and experimental mass gain during exposition of the reheated samples in the controlled conditions (relative humidity, temperature) were used for the calculation of the approximate age of the tiles by the RHX dating method (Figure 10 ). The adequate age of the tile sample was determined using the fit of a linear trendline. The high R-squared value (correlation coefficient) revealed the estimated values of the 2 nd stage, which were used for subsequent calculations. The estimated age was acquired at 856 ± 24.5 years (with a standard deviation of 5 measurements) which corresponds to the assumptions of the archaeologists. Using all the 2 nd phase values (low R-squared value) would shift the dating into a modern age. Archaeologists following the iconography and excavation conditions estimated that the floor tiles were produced and installed in the rotunda during the 12 th century.
CONCLUSION
The studied historical ceramic tiles showed small differences in chemical and mineralogical composition only, which were caused by the inhomogeneity of the raw material and by the variable firing temperature. Clay minerals such as montmorillonite and kaolinite were identified in the raw materials using a hydrothermal treatment. The identified minerals and rocks exclude the use of local raw materials; the tiles were imported. The use of the RHX dating method for these types of materials is dependent on controlled conditions during the mass gain process. However, it was found that the calculated age is related to that estimated by archaeologists when we used linear trendline fitting with the highest value of the correlation coefficient. The shape of the pores indicates that the tiles were produced by ramming them into moulds. The surface relief decorated layer was formed by the fine fraction of the matrix with smaller inclusions which proves that the decorative layer was applied subsequently.
